The petrologically unique Udachnaya-East kimberlite (Siberia, Russia) is characterised by unserpentinised and H 2 O-poor volcaniclastic and coherent units that contain fresh olivine, along with abundant alkali-rich carbonates, chlorides, sulphides and sulphates in the groundmass. These mineralogical and geochemical characteristics have led to two divergent models that advocate different origins. It has been suggested that the unserpentinised units from Udachnaya-East are representative of pristine unaltered kimberlite. Conversely, the alkali-chlorine-sulphur enrichment has been attributed to interactions with crustal materials and/or post-emplacement contamination by brines. The mineralogical and geochemical features and the compositions of melt inclusions in unserpentinised and serpentinised Udachnaya-East kimberlite varieties are compared in this study. Both varieties of kimberlite have similar major, compatible and incompatible trace element concentrations and primitive mantle normalised trace element patterns, groundmass textures and silicate, oxide and sulphide mineral compositions. However, these two kimberlite varieties are distinguished by: (i) the presence of unaltered olivine, abundant Na-K-Cl-S-rich minerals (i.e. chlorides, S-bearing alkali-carbonates, sodalite) and the absence of H 2 O-rich phases (i.e. serpentine, iowaite (Mg 4 Fe 3þ (OH) 8 OCl•3(H 2 O)) in unserpentinised samples, and (ii) the absence of alkali-and chlorineenriched phases in the groundmass and characteristic olivine alteration (i.e. replacement by serpentine and/or iowaite) in serpentinised samples. In addition, melt inclusions hosted in olivine, monticellite, spinel and perovskite from unserpentinised and serpentinised kimberlite contain identical daughter phase assemblages that are dominated by alkali-carbonates, chlorides and sulphates/sulphides. This enrichment in alkalis, chlorine and sulphur in melt inclusions demonstrates that these elements were an intrinsic part of the parental magma. The paucity of alkali-carbonates and chlorides in the groundmass of serpentinised Udachnaya-East kimberlite is attributed to their instability and removal during post-emplacement alteration. All evidence previously used in support of crustal and brine contamination of the Udachnaya-East kimberlite is thoroughly evaluated. We demonstrate that 'contamination models' are inconsistent with petrographic, geochemical and melt inclusion data. Our combined data suggest that the Udachnaya-East kimberlite crystallised from an essentially H 2 O-poor, Si-Na-K-Cl-S-bearing carbonate-rich melt.
INTRODUCTION
Kimberlites are relatively rare and volumetrically insignificant rocks that originated from deeply-derived magmas from depths >150 km (e.g. Dawson, 1980; Clement et al., 1984; Mitchell, 1986; Pearson et al., 2014) . Reconstructing the parental kimberlite melt composition is a fundamental task in understanding their petrogenesis, rheology, ascent and emplacement. Although whole-rock analyses of kimberlite rocks show that they are generally ultramafic, silica-poor and volatile (H 2 O, CO 2 )-rich (e.g. Price et al., 2000; le Roex et al., 2003; Becker & Le Roex, 2006; Kjarsgaard et al., 2009) , these compositions cannot be regarded as an accurate reflection of their parental melt. This classical conception of kimberlite melt compositions has been challenged in the past decade by a continually growing number of petrographic and melt inclusion studies (Golovin et al., , 2017a Kamenetsky et al., 2004 Kamenetsky et al., , 2008 Kamenetsky et al., , 2009a Kamenetsky et al., , 2013 Kamenetsky et al., , 2014 Abersteiner et al., 2017a Abersteiner et al., , 2017b Abersteiner et al., , 2017c Giuliani et al., 2017) , and experimental work (Safonov et al., 2009 (Safonov et al., , 2010 Sparks et al., 2009; Brooker et al., 2011; Russell et al., 2012; Kamenetsky & Yaxley, 2015; Sharygin et al., 2015 Sharygin et al., , 2017 which suggest a kimberlite melt which had initially carbonatite-like and silica-poor compositions.
The Udachnaya-East kimberlite (Siberia, Russia) is the flagship example for this new alternative model, largely due to the absence of serpentine, the preservation of fresh olivine and its atypical H 2 O-poor and Na-K-Cl-S-enriched groundmass mineralogy (Egorov et al., 1986; Sharygin et al., 2003; Kamenetsky et al., 2004 Kamenetsky et al., , 2008 Kamenetsky et al., , 2012 . This, combined with the study of melt inclusions in olivine, has led to the proposal that the Udachnaya-East kimberlite is 'uniquely fresh' and that the kimberlites originated from essentially silica-H 2 O-poor, alkali-Cl-enriched carbonatitic compositions (Kamenetsky et al., 2004 (Kamenetsky et al., , 2007b (Kamenetsky et al., , 2009a Golovin et al., 2007 Golovin et al., , 2017a .
Analyses of the Udachnaya-East kimberlite have been complemented by additional studies of melt inclusions in olivine and primary inclusions in magmatic kimberlitic minerals (e.g. monticellite, Cr-spinel, perovskite, apatite) in other altered (i.e. serpentinised) kimberlites worldwide (e.g. Canada, Greenland, Finland, South Africa; Golovin et al., 2003 Golovin et al., , 2007 Golovin et al., , 2017a ; Kamenetsky et al., 2009a Kamenetsky et al., , 2012 Kamenetsky et al., , 2013 Mernagh et al., 2011; Abersteiner et al., 2017a Abersteiner et al., , 2017b Abersteiner et al., , 2017c Giuliani et al., 2017) . These studies have consistently produced similar results, advocating the Si-poor and alkali-Cl-S-(and to a lesser extent P-F-) bearing carbonate-rich nature of kimberlite melts entrapped within inclusions.
This alternative model for kimberlite petrogenesis has been heavily criticised in recent studies by Kopylova et al. (2013 Kopylova et al. ( , 2016 and Kostrovitskiy et al. (2013) . These authors emphasise that the unique Na-Cl-S-enriched groundmass mineralogy of the Udachnaya-East pipe is not exceptional or representative of pristine kimberlite, but can be explained by:(i) contamination of the kimberlite magma by crustal material, and (ii) interaction with external Na-Ca-Cl brines that precipitate salts and carbonates.
Our study provides new constraints on the origin of the unusual groundmass mineralogy and composition of the Udachnaya-East kimberlite and the evolution of its parental melt. We present detailed petrographic studies along with geochemical and melt inclusion analyses from a variety of serpentinised and unserpentinised volcaniclastic and coherent kimberlite samples. This comparison aims to evaluate comprehensively whether the Na-Cl-S-enrichment in the UdachnayaEast was inherited from a magmatic (i.e. mantle-derived melt) or secondary (i.e. crustal) source.
GENERAL GEOLOGY
The Devonian ($365-367 Ma; Kinny et al., 1997; Kamenetsky et al., 2009b) Udachnaya kimberlite is part of the Daldyn-Alakit kimberlite field in the Siberian craton (Russia; Fig. 1 ). The Udachnaya kimberlite intruded thick (>2 km) Ordovician and Devonian limestones, dolomites, marls, siltstones and mudstones (Marshintsev, 1986; Kharkiv et al., 1991 Kharkiv et al., , 1998 Zinchuk et al., 1993) . This kimberlite forms a composite twindiatreme structure (i.e. an older eastern and younger western body) that diverges at $250 m depth ( Fig. 2 ; Kharkiv et al., 1991; Zinchuk et al., 1993) . The complex nature of the Udachnaya kimberlite suggests that it formed from multiple magmatic events. The eastern and western Udachnaya kimberlite bodies are different in terms of mineralogy, petrography, composition and degree of alteration. The western body exhibits extensive alteration (i.e. serpentinisation) typical of kimberlites worldwide.
Megascopic and macroscopic study of Udachnaya-East kimberlite units
In this study we use the term kimberlite 'units' instead of 'phases' (see Kopylova et al., 2016) . This is because a separate 'phase' of kimberlite magmatism requires: (i) different timing of formation, and (ii) a clear boundary between the first and secondary kimberlite varieties. Scott Smith et al. (2013) noted in their kimberlite classification scheme that 'One phase of kimberlite may comprise one or more lithological units, lithofacies, facies and, or, facies associations, thus the terms are not synonymous'. The dating of individual kimberlite units from the Udachnaya pipe has never been conducted, even where the boundaries between the different units are clearly defined. In this study, we examined samples from kimberlite units 9 and 10 from the eastern body (Fig. 2) . According to the classification scheme of Scott Smith et al. (2013) , unit 9 is volcaniclastic kimberlite (VK), where fragmentation of magma occurred, whereas unit 10 is classed as coherent kimberlite (CK), where the magma did not undergo fragmentation. The classification of unit 9 depends on the individual hand sample studied; it can be classified as either olivine-rich pyroclastic kimberlite (PK; Supplementary Data Electronic Appendix 2: Fig. S1 , supplementary data are available for downloading at http://www.petrology.oxfordjournals.org) or magmaclast-rich PK (Electronic Appendix 2: Fig. S2 ), as gravitational separation of minerals in the melt during emplacement of unit 9 has been noted (Kamenetsky et al., 2012) .
Xenolith-poor (> 5-15%) VK unit 9 is located in the central part of the Udachnaya-East pipe and is surrounded by xenolith-rich (> 15-50%) VK unit 8 ( Fig. 2 ; Supplementary Data Electronic Appendix 2: Figs S3 and S4). Sometimes there are clear boundaries between kimberlite unit 9 and the very xenolith-rich (> 50-75%; Electronic Appendix 2: Fig. S5 ) unit 7 VK. Units 8 and 9 also contain dykes and veins (ranging in size from several cm to several metres) of xenolith-poor (>0-5%; Fig. 3a ; Electronic Appendix 2; Fig. S6 ) CK (unit 10 in Fig. 2 ). Units 7 and 8 are partially serpentinised across the entire 370-640 m depth interval. Kimberlite units 9 and 10 can be separated across depth intervals 370-410, 410-500 and 500-640 m Although the textural and structural characteristics of units 9 and 10 are identical, there are various changes in groundmass mineralogy that take place at different depths (Fig. 2) .
The so-called 'salty' xenolith-poor unserpentinised VK (Unit 9a in Figs 2 and 3; Supplementary Data Electronic Appendix 2: Figs S4b, S7, S8a, S9, S11b and S12b) is located between 410-500 m (6 10 m) depth. This kimberlite is characterised by the following features:
i. The absence of serpentine and very low H 2 O (<0Á6 wt %) content (Kamenetsky et al., , 2012 . ii. The presence of alkali-rich carbonates, chlorides, sulphates and sulphides in the groundmass (Table 1) , which is reflected by enrichment in alkalis (Na 2 O up to 6Á2 wt % and K 2 O up to 2Á2 wt %), chlorine (up to 6Á1 wt %) and sulphur (up to 0Á5 wt %; Table 2 ; Supplementary Data Electronic Appendix 2: Figs S7b, S9b, S11c and S12b; Kamenetsky et al., 2004 Kamenetsky et al., , 2007a Kamenetsky et al., , 2012 Kamenetsky et al., , 2014 Sharygin et al., 2003 Sharygin et al., , 2007 D'Eyrames et al., 2017; Golovin et al., 2017b; Kitayama et al., 2017 (Mikhailenko et al., 2018) . v. The excellent preservation of mantle-derived lherzolite, dunite, harzburgite, eclogite and pyroxenite xenoliths (e.g. Agashev et al., 2010; Doucet et al., 2012; Ionov et al., 2017 ; Supplementary Data Electronic Appendix 2: Figs S11 and S12).
It should be noted that chloride and chloride-carbonate 'nodules' occupy between 3-5 vol. % of the VK kimberlite unit (Supplementary Data Electronic Appendix 2: Fig. S8a ) and the sedimentary xenolith content is 6 vol. % . When this 'salty' kimberlite is exposed to the atmosphere, it is rapidly degraded due to the dissolution and decomposition of chlorides, alkali-carbonates and alkali-sulphates (Supplementary Data Electronic Appendix 2: Fig. S13 ). This same kimberlite was classified by Kopylova et al. (2016) into two so-called 'phases': olivine-rich pyroclastic kimberlite (PK) and magmaclast-rich PK.
Dykes and veins of xenolith-poor unserpentinised CK (unit 10 inside unit 9a in Fig. 2 ) are present within unserpentinised VK unit 9a at the same 410-500 m level. These CK dykes and veins share the same characteristic features (i, ii and iv) as VK unit 9a, except that the chloride and chloride-carbonate 'nodules' (iii) are absent. The high Na 2 O (3Á4 wt %) and Cl (0Á9 wt %; Sharygin et al., 2015) contents led to the formation of Na-Ca-carbonates, chlorides and alkali-sulphates in the CK units (e.g. Fig. 5 from Kitayama et al., 2017) .
In general, all units of kimberlite at the 410-500 m depth interval have been referred to as 'Serpentine Free Udachnaya-East' (SFUE) kimberlite by Kopylova et al. (2013) and Kostrovitskiy et al. (2013) . Note that kimberlitic units 9 and 10 are partially serpentinised at depths of 370-410 and 500-640 m ( Fig. 2 ; unit 9 b and 10). The chloride, alkali-carbonate and alkali-sulphate assemblages in the groundmass of these units are absent, along with chloride and chloride-carbonate 'nodules' in unit 9 b. In addition, voids, caverns and cracks appear, Pearson et al. (1995) and Kamenetsky et al. (2008) . Fig. 2 . Geological cross-section of the Udachnaya kimberlite pipes (edited after ). Units 1-4 ¼ western body, which contains volcaniclastic kimberlite (units 1-3, which have well defined boundaries) and veins of coherent kimberlite (4). Units 5-10 ¼ eastern body, which consists of volcaniclastic kimberlite (units 5-9, which have well defined boundaries) and veins of coherent kimberlite (10). Volcaniclastic kimberlite unit 9 can be divided into two types (a) and (b). Although the textural and structural characteristics of these types are identical, there are various changes in groundmass mineralogy that occur at different depths. Volcaniclastic kimberlite unit 9: (a) Green ¼ unserpentinised 'fresh' kimberlite (see Kamenetsky et al., 2012 Kamenetsky et al., , 2014 , depth ¼ 410-500 m; (b) Orange¼ partially serpentinised kimberlite at 370-410 m and 500-640 m depth intervals. The upper boundary of kimberlite unit (9) is at 370 m (according to Kharkiv et al. (1998) and Marshintsev et al. (1976) ). Other boundaries were constrained during 2003-2016 field work. Megascopic and macroscopic photographs of the eastern body kimberlite units are included in Supplementary Data Electronic Appendix 2 (Figs S1-S16). The area containing the two so-called 'epigenetic halite and sedimentary evaporite' units (see Kopylova et al. (2016) ) and are indicated in yellow. Host sediments are after Alexseev (2009). in which hydrothermal mineral assemblages are present, which include calcite, gypsum, halite, and iowaite (Supplementary Data Electronic Appendix 2: Figs S14 and S15; Mikhailenko et al., 2018) .
ANALYTICAL METHODS
Eleven specimens of the Udachnaya-East (K16/05, K20-05, K28/05, K17/04, K25/04, K-U, UV-K1-15, K2-03, K24/04A, K24/04B, UV-K1-05) kimberlite were examined (Table 1) . These samples were also analysed by Kamenetsky et al. (2012;  see Supplementary Data Electronic Appendix 1 for methodology and complete data set) and prepared as epoxy resin rock and grain mounts polished using kerosene as lubricant to avoid dissolution of any water-soluble minerals. Phases such as alkali-carbonates and chlorides are very susceptible to dissolution and re-precipitation due to hydrous interaction (e.g. water contact and atmospheric moisture). Initial optical petrographic and mineralogical investigations of samples were performed on a Nikon Eclipse 50i POL microscope at the University of Tasmania.
Detailed examination of groundmass phases and inclusions in minerals were performed using a Hitachi SU-70 field emission (FE) scanning electron microscope (SEM) equipped with an Oxford AZtec Energy XMax 80 detector at the Central Science Laboratory, University of Tasmania. A beam accelerating voltage of 15 kV was used to produce high-resolution backscattered electron (BSE) images of minerals and energy-dispersive X-ray spectroscopy (EDS) semi-quantitative analyses and elemental maps of minerals and inclusions.
PETROGRAPHY
Samples of the Udachnaya-East (UE) kimberlite were selected based on the presence of serpentine as a replacement mineral after olivine and as an interstitial groundmass phase. Six partially serpentinised samples (K16/05, K20-05, K28/05, K17/04, K25/04, K-U) were derived from depth intervals of 480-520 m (below the SFUE) and 400-420 m (roof of the SFUE) and five unserpentinised samples (UV-K1-15, K2-03, K24/04A, K24/ 04B, UV-K1-05) were sourced from a depth interval of 440-500 m (within the SFUE; Table 1 ). The petrography of both serpentinised and unserpentinised varieties of the UE kimberlites have been extensively described in the literature (e.g. Marshintsev, 1986; Egorov et al., 1991; Kharkiv et al., 1991; Kamenetsky et al., 2004 Kamenetsky et al., , 2008 Kamenetsky et al., , 2012 Kamenetsky et al., , 2014 Kopylova et al., 2013 Kopylova et al., , 2016 Kostrovitskiy et al., 2013; D'Eyrames et al., 2017; Kitayama et al., 2017) .
The UE samples were analysed by optical microscopy and FE-SEM. Samples UV-K1-15, K2-03, K24/04B, UV-K1-05 (unit 9a in Fig. 2 , 'salty' unserpentinised 
Analyses are ordered from highest H2O content through to lowest. Major elements, Cl, S, LOI (loss on ignition), CO 2 and H 2 O are in wt %. Depth of sampling (in metres) reflect most possible position in the mining pit for most samples taken from stockpiles. CK, coherent kimberlite; VK,volcaniclastic kimberlite; AC, autolithic clasts of kimberlite (or autoliths),hosted in VK; n/a, not available. Source: Kamenetsky et al. (2012). kimberlite; see also Unserpentinised CK occurs as thin (5-10 cm) dykes that intrude unserpentinised VK. These are dark in colour (grey-black) and generally uniform in grain size, xenolith-poor and contain abundant fine-grained olivine ( Fig. 3a- c, e and f) that are preferentially aligned, and higher abundances (up to 15 vol. %) of oxides (e.g. spinel, perovskite) than in VK. VK is generally light-grey in colour, has a macrocrystic texture ( Fig. 3a -e) and contains a higher abundance of randomly orientated olivine and carbonate in the groundmass, as well as minor amounts of mantle-derived (e.g. ilmenite, clinopyroxene, garnet, and phlogopite) and crustal xenocrysts (e.g. amphibole, alkali-feldspar) and xenoliths.
Olivine is the dominant mineral (40-60 vol. %) in CK and VK from both unserpentinised and serpentinised varieties and is petrographically and geochemically similar, represented by two morphologically distinct populations which were described in detail by Kamenetsky et al. (2008) . The first type of olivine (olivine-I) is round to ovoid in shape or occurs as angular fragments up to several millimetres in size. Large olivine grains (>0Á5 mm) are less common in CK than in VK. The second type of olivine (olivine-II) forms smaller (<250 mm) euhedral grains that commonly exhibit complex zoning patterns (Figs 3, 4, 6 and 7; Supplementary Data Electronic Appendix 2: Fig. S17 ), reflecting variation in Fo-content and a complex crystallisation history . The cores of both olivine types exhibit variable Fo contents (0Á85-0Á94 mol %) but most compositions are clustered between Fo 0Á91-0Á94 mol % (Fig. 5) .
Both unserpentinised and serpentinised varieties of CK and VK are represented by broadly similar silicate (olivine, monticellite, phlogopite), carbonate (calcite), oxide (perovskite, macrocrystic ilmenite, Fe-Ti-Mg-AlCr-spinel (Mg-Ti-magnetite, magnesian ulvö spinelmagnetite (MUM), pleonaste, Cr-spinel), phosphate (apatite) and sulphide (Fe-Ni-sulphides, djerfisherite (K 6 Na(Fe 2þ , Cu, Ni) 25 S 26 Cl)) groundmass assemblages. A summary of the depth constraints, mineralogical similarities and differences, as well as their approximate abundances in the studied samples is presented in Table 1 .
In both unserpentinised and serpentinised CK and VK kimberlite varieties, monticellite is a common groundmass phase that typically occurs as discrete subhedral to euhedral (10-70 mm) grains ( Fig. 4b and Supplementary Data Electronic Appendix 2, Fig. S17a) . In rare cases, monticellite is a replacement mineral after olivine in unserpentinised kimberlite (Electronic Appendix 2, Fig. S17a ; Abersteiner et al. (2017b) ). The distribution of monticellite is extremely heterogeneous on a millimetre scale; it may be abundant in some areas, but absent in others. Phlogopite usually occurs as clusters of microphenocrysts (<15 mm), but may also occur as larger (up to 1 mm) rare macrocrysts. Calcite is a ubiquitous phase that is interstitial to most other phases ( Fig (Fig. 3f ) than in VK (Fig. 3d) . Crspinel and Mg-Ti-magnetite usually form welldeveloped atoll shapes (see definition by Mitchell (1986) and Roeder & Schulze (2008) ). Here, the euhedral zoned core is surrounded by an intermediate 'lagoon' (5-15 mm thick) zone composed of pleonaste and an outer thin rim (1-5 mm) of (Mg-) magnetite which parallels the shape of the core exactly (Electronic Appendix 2, Fig. S17c ). These atoll-shapes show excellent preservation in unserpentinised samples. Apatite is a rare groundmass phase that occurs as acicular microphenocrysts that are 1-10 mm in size. Sulphides are minor groundmass phases that are generally amorphous and interstitial to most other groundmass phases (i.e. silicates, oxides) and range in size from 5-100 mm (Supplementary Data Electronic Appendix 2, Fig. S17d ).
The unserpentinised UE kimberlite samples are mineralogically and geochemically distinguished from serpentinised samples by: (i) the absence of H 2 O-rich phases in the groundmass (i.e. serpentine and iowaite (Mg 4 Fe 3þ (OH) 8 OCl•3(H 2 O)); (ii) the excellent preservation of euhedral olivine which has near-perfect crystal faces (Figs 4a, b and 6);(iii) the presence of groundmass halite and sylvite, which are usually interstitial to other groundmass phases (e.g. silicates, oxides, phosphates etc). In addition, there are larger irregular to semi angular shaped halite 'nodules', which are up to several centimetres across (Kamenetsky et al., 2007a (Kamenetsky et al., , 2007b . These halite nodules commonly contain bleb-like inclusions (1-60 mm in size) of sylvite (Supplementary Data Electronic Appendix 2, Fig. S18 ) as well as lesser amounts of calcite and/or phlogopite. (iv) The presence of abundant (up to 15 vol. %) alkali-(Na, K) carbonates (e.g. shortite (Na 2 Ca 2 (CO 3 ) 3 ), including some S-enriched (i.e. sulphate) varieties (up to 2-4Á7 wt % S)) and sodalite (Na 8 Al 6 Si 6 O 24 Cl 2 ). In contrast, serpentinised UE samples contain varying amounts of serpentine and iowaite ($10-30 %), which replaces olivine grains along rims and fractures (Figs 4c, d, 7 and Supplementary Data Electronic Appendix 2, Figs S19 and S4). Olivine replacement is sometimes accompanied by zoning from serpentine along the olivine contact towards iowaite along the peripheries (Electronic Appendix 2, Fig. S19 ). Iowaite also occasionally forms large (up to 250 mm) aggregates in the groundmass. Areas directly in contact or within a few millimetres of groundmass surrounding crustal xenoliths or xenocrysts are characterised by more intense serpentinisation (Electronic Appendix 2, Fig. S20 ). In serpentinised samples, xenocrysts of ilmenite and garnet also exhibit variably thick (25 to >100 mm) reaction rims, in which ilmenite is partially replaced by Ti-Fe-Mg-spinel and perovskite, and pyrope-almandine garnet is partially replaced by phlogopite. Although garnet xenocrysts were not observed in unserpentinised samples, ilmenite shows a stronger degree of preservation along rims where grains are surrounded by only thin (<5-10 mm) reaction rims of Ti-Fe-oxides.
GEOCHEMISTRY
The major element compositions of serpentinised and unserpentinised CK and VK are characterised by lowsilica (26Á6-32 wt % SiO 2 ), FeO total (7Á5-8Á8 wt %) and Al 2 O 3 (1Á3-2Á1 wt %), and moderate-to-high CaO (9Á5-14 wt %) and CO 2 (6Á3-10Á5 wt %; Fig. 8a-c ; Table 2 ). These compositions are consistent with whole-rock analyses of other kimberlites from Yakutia (Vasilenko et al., 2002) Kjarsgaard et al., 2009; Tappe et al., 2011 Tappe et al., , 2013 Tappe et al., , 2016 . Unserpentinised samples are distinct from partially serpentinised samples as they are enriched in alkalis (K 2 O up to 2Á23 wt %, and Na 2 O up to 6Á10 wt %), chlorine (up to 6Á11 wt %) and sulphur (up to 0Á5 wt %; Figs 8d-h; Table 2 ; Kamenetsky et al., 2004 Kamenetsky et al., , 2012 Kitayama et al., 2017) . The absence or paucity of serpentine/iowaite in kimberlite samples is reflected by the extremely low H 2 O-contents ( 0Á6 wt %; average from 11 samples is 0Á35 wt %; Supplementary Data Electronic Appendix 1). In contrast, partially serpentinised varieties of the UE kimberlite, along with the overwhelming majority of other localities worldwide, have extremely low Na 2 O (typically <0Á5 wt %) and Cl (typically <0Á1 wt %, rarely higher than 1 wt %; Nowicki et al., 2008) and highly variable H 2 O (!0Á6 to >16 wt %; Fig. 8d -h; Shee, 1985; Mitchell, 1986; O'Brien & Tyni, 1999; Price et al., 2000; Vasilenko et al., 2002; le Roex et al., 2003; Becker & le Roex, 2006; Kjarsgaard et al., 2009; Tappe et al., 2016) . Overall, the Na 2 O, Cl and to a lesser extent K 2 O and S contents in each UE sample are directly related to the H 2 O contents of each sample (i.e. degree of serpentinisation average H 2 O-content is 2Á5 wt % from 18 samples; Supplementary Data Electronic Appendix 1). Samples with 0Á6 wt % H 2 O (i.e. unserpentinised) exhibit the greatest variability in alkali, chlorine and sulphur contents, whereas samples with 0Á6-4Á5 wt % H 2 O (i.e. serpentinised; Supplementary Data Electronic Appendix 1) are generally significantly depleted in these elements ( Fig. 8d and e; Table 2 ).
Primitive-mantle normalised (after Sun & McDonough, 1989) trace element diagrams show typical kimberlite enrichment in most incompatible elements and depletions in heavy rare-earth elements (HREE) and Y (Fig. 9 ). This is accompanied by strong negative anomalies in K, Pb, P, Ti and to a lesser extent in Ba, Sr, Zr and Hf relative to elements of similar incompatibility. Both serpentinised and unserpentinised CK and VK samples have almost identical trace elements patterns and concentrations.
INCLUSIONS IN MINERALS
Analyses of melt inclusions hosted by kimberlitic minerals provide 'snapshots' of the kimberlite melt composition prior to or during solidification of the magma and are unaffected by post-magmatic modifications of the rock. In our study, olivine-hosted melt inclusions occur along healed fractures and planes, and are, therefore, assigned a secondary origin (as defined by Roedder, 1984) . Although the majority of these inclusions are isolated within the host-olivine, many are interconnected by thin channels and, therefore, modification of the original melt composition by 'necking down' is possible.
Inclusions were examined in olivine, monticellite, spinel (Cr-spinel/MUM) and perovskite in the groundmass as well as in grain separates from both unserpentinised and serpentinised samples. The compositions of inclusions were analysed by FE-SEM. Representative bulk compositions of melt inclusions cannot be accurately quantified because of: i) the potential for the loss of water-soluble phases during exposure of the inclusions during sample preparation and storage (Supplementary Data Electronic Appendix 2 , Fig. S21) ; ii) melt inclusions in kimberlitic minerals are heterogeneous in composition; iii) analyses of exposed melt inclusions only provide a two-dimensional cross section. Therefore, qualitative reconstructions of melt inclusion compositions are based on a statistically high number of analyses.
In this study, over 150 inclusions in olivine were analysed. In addition, over 3000 inclusions have been analysed in numerous studies of olivine from the Udachnaya-East kimberlite (Golovin et al., , 2017a Kamenetsky et al., 2004 Kamenetsky et al., , 2008 Kamenetsky et al., , 2009a Kamenetsky et al., , 2012 Mernagh et al., 2011) . The majority of secondary inclusions in olivine in this study are typically round to amoeboid in shape and less than 5 mm in size (Figs 10,  11a and b) . However, larger irregular-shaped inclusions may reach up to 50-150 mm or more in size (Figs 11c, d,  12 and 13) . The daughter phase assemblages in olivinehosted inclusions from both unserpentinised and serpentinised samples are virtually identical; they contain complex daughter phase assemblages of (in order of relative abundance): halite/sylvite, Ca-Mg-bearing alkali (Na, K, Ba, Sr) carbonates (e.g. commonly shortite (Na 2 Ca 2 (CO 3 ) 3 ) as well as nyerereite (Na 2 Ca(CO 3 ) 2 ), dolomite, calcite, natrite (Na 2 CO 3 ), strontianite (SrCO 3 and some S-bearing varieties), Fe-Ti-Mg-Cr-Al-spinels, alkali (Na, K)-rich sulphates (e.g. arcanite (K 2 SO 4 )), tetraferriphlogopite (KMg 3 Fe 3þ Si 3 O 10 (OH) 2 ), djerfisherite, Fe-Ni-sulphides, phlogopite, monticellite, perovskite, humite ((Mg, Fe) 7 (SiO 4 ) 3 (F, OH) 2 ) and apatite (Table 3; Figs 11-13). Olivine also hosts numerous euhedral inclusions (<20 mm) of spinel (MUM, Cr-spinel, magnetite), needle-shaped rutile, and perovskite, as well as rare rounded (up to 50 mm) inclusions of orthopyroxene and clinopyroxene within olivine cores.
Monticellite (Fig. 14a-c) , spinel ( Fig. 14d-f ) and perovskite (Fig. 14g) host numerous multiphase primary inclusions (n ¼ >30) that are typically <10 mm in size and irregular in shape. Melt inclusions in groundmass minerals are less common than in olivine, largely due to the smaller sizes of the host grain and relative abundance. Phase assemblages hosted in these inclusions are analogous to multiphase inclusions in olivine, and are dominated by: sylvite/halite, Ca-Mg-bearing alkali (Na, K)-carbonates, Fe-Mg-Ti-spinel, alkali (Na, K)-sulphates, phlogopite and perovskite (Table 3 ). In addition, spinel hosts numerous larger (up to 20 mm) rounded monocrystalline olivine inclusions.
Interstitial groundmass calcite hosts abundant rounded multiphase inclusions (n ¼ >20) ranging in size from 1-50 mm in size. These inclusions are comprised of (in order of relative abundance) halite/sylvite, Ca-Mg-bearing alkali (Na, K 6 S) carbonates and djerfisherite (Table 3 ; Fig. 14h ).
DISCUSSION

Kimberlites: rock vs melt compositions
Reconstructing the composition of kimberlites is challenging as kimberlite whole-rocks can no longer be considered as representative of their parental melts. This is because parental kimberlite melts are inevitably altered en route to the surface and upon emplacement. This includes: i) reactions between the kimberlite magma and entrained mantle and crustal material (Hunter & Taylor, 1982; Smith et al., 2004; Buse et al., 2010; Kamenetsky & Yaxley, 2015 . Back-scattered electron SEM image and X-ray element maps of unserpentinised VK sample UV-K1-15. Olivine (Ol; Si, Fe, Mg maps) is set in a groundmass of S-bearing Na-K-Ca-carbonates (Ca, Na, K, S maps), calcite (highest intensity on Ca-map), sodalite (Al, Cl, Na maps), phlogopite (K, Al, Mg maps), chlorides (Na, K, Cl maps), apatite (P maps) and Fe-Ti-oxides (highest intensity on Fe, Ti maps). Abersteiner et al., 2017b; Giuliani et al., 2017; Shatskiy et al., 2017) . iii) Kimberlite rocks are commonly subject to extensive alteration by deuteric (Kopylova et al., 2007; Mitchell, 2008 Mitchell, , 2013 and/or post-emplacement hydrothermal/meteoric fluids (Sparks et al., , 2009 Brooker et al., 2011; Afanasyev et al., 2014; Giuliani et al., 2014 Giuliani et al., , 2017 . This low-temperature modification partially overprints the primary kimberlite mineralogy and textures, in which serpentine, brucite and carbonate (e.g. calcite and dolomite) are produced (Clement, 1982; Mitchell, 1986) .
Kimberlite composition (current debate)
During the last 15 years, the perception of kimberlite petrogenesis and the composition of their parental melts have diverged into two contrasting models. The classical view is based on the whole-rock composition of kimberlite rocks and maintains that kimberlites originate from ultramafic/basic and volatile (H 2 O, CO 2 )-rich melts (Price et al., 2000; le Roex et al., 2003; Becker & le Roex, 2006; Kopylova et al., 2007; Mitchell, 2008; Kjarsgaard et al., 2009) . Diamond resorption experiments have been used as an indicator of high volatile activity in kimberlite magmas (Fedortchouk et al., 2010; Fedortchouk, 2015) . However, these studies did not test these diamond resorption experiments in putative kimberlite magmas, but rather in aqueous solutions. Furthermore these studies were conducted at fixed P-T conditions and neglect the observation that diamonds are brought to the surface whilst being encased in their host mantle xenolith (e.g. peridotite, eclogite). In addition, the presence of phlogopite in kimberlites signifies the presence of H 2 O in kimberlite melts. SEM-EDS analyses of phlogopite in the Udachnaya-East kimberlite indicate that it is generally F-and Cl-poor, and is, therefore, assumed to be dominantly H 2 O-bearing. If the approximate K 2 O/H 2 O in phlogopite is $2Á5/3 and the average K 2 O in bulk-rocks is 1Á3 wt % (Table 2 ) and all K in the kimberlite is assumed to have partitioned into phlogopite, then the maximum estimated H 2 O content corresponds to only 0Á43-0Á52 wt %. It is noteworthy that K in unserpentinised samples is also partitioned into groundmass alkali-carbonates and chlorides, which suggests that the amount of H 2 O partitioned into phlogopite is lower. Even if there was hypothetically 10 wt % phlogopite in a kimberlite with $3Á7 wt % H 2 O (based on compositions from Kopylova et al. 2010) , the amount of H 2 O hosted by phlogopite would still correspond to <1 wt %.
The alternative view does not consider whole-rock reconstructions to be representative of the parental kimberlite melt, largely due to the hybrid and contaminated nature of kimberlite rocks. This alternative approach relies on recent advancements in petrographic and melt inclusion studies of kimberlites worldwide (Golovin et al., , 2017a Kamenetsky et al., 2004 Kamenetsky et al., , 2009a Kamenetsky et al., , 2013 Kamenetsky et al., , 2014 Abersteiner et al., 2017a Abersteiner et al., , 2017b Abersteiner et al., , 2017c Giuliani et al., 2017) . These studies have suggested that kimberlite melts are depleted in SiO 2 and H 2 O, and enriched in alkalis, halogens and CO 2 (i.e. carbonate) relative to whole-rock compositions. In addition, experimental studies have demonstrated the inability to successfully reproduce kimberlite melts using putative whole-rock kimberlite compositions at magma emplacement conditions (e.g. Sparks et al., 2009; Brooker et al., 2011; Moussallam et al., 2016) .
The UE kimberlite has taken the centre stage in the pursuit of genetic reconstructions and is considered the flagship 'least altered' kimberlite for testing the above opposing models. In the following sections we combine petrographic, geochemical and melt inclusion data in order to evaluate these two divergent views on the origin of the UE kimberlite and ultimately constrain the parental melt composition.
Unserpentinised and serpentinised UE kimberlite
This study examined coherent and volcaniclastic units of UE kimberlite, which are represented by both unserpentinised and partially serpentinised varieties. Regardless of their textural classification or degree of serpentinisation, both contain texturally and chemically identical olivine populations (Figs 4-7) with similar zoning patterns along with groundmass assemblages of calcite, phlogopite, Fe-Ti-Mg-Al-Cr-spinel (e.g. magnetite/Mg-magnetite, MUM, pleonaste, Cr-spinel), monticellite, perovskite, sulphides (e.g. Fe-Ni-sulphides, djerfisherite) and apatite. Daughter phase assemblages in multiphase melt inclusions hosted in olivine and groundmass minerals (spinel, monticellite, perovskite) in unserpentinised and serpentinised varieties also share a strong degree of similarity (see below). In addition, the whole-rock major element concentrations and primitive mantle normalised trace element patterns are virtually identical (Fig. 8a-c and 9 ; Table 2 ). Although there are numerous key textural, mineralogical and geochemical similarities between unserpentinised and serpentinised UE kimberlite, distinct differences are reflected by:
• Unserpentinised kimberlite contains well-preserved euhedral olivine and abundant Na-K-Cl-rich minerals (i.e. chlorides, S-bearing alkali-carbonates and sodalite) in the groundmass and H 2 O-bearing phases are uncommon ( 4 vol. % phlogopite; Table 1 ). • Unserpentinised kimberlite exhibits low H 2 O contents (<0Á6 wt %) and elevated concentrations of Na 2 O (up to 6Á2 wt %) and Cl (up to 6Á1 wt %; Fig. 8d h; Table 2 ). In contrast, serpentinised samples (i.e. serpentine-iowaite bearing) contain moderately variable H 2 O (>0Á6 wt % and up to 4Á5 wt %), and lowNa 2 O (<0Á5 wt %), -Cl (<0Á7 wt %) and to a lesser extent K and S concentrations ( Fig. 8d-h ; Table 2 ).
Melt inclusion perspective on kimberlite melt compositions
Melt inclusion phase assemblages from serpentinised and unserpentinised UE samples are virtually identical and dominated by (in order of relative abundance): Na-K-chlorides, Ca alkali (Na, K, Sr) carbonates, Fe-TiMg-Cr-Al-spinels, Na-K-sulphates, silicates (tetraferriphlogopite, phlogopite, monticellite, humite), sulphides (Fe-Ni-bearing, djerfisherite), perovskite and apatite (Table 3 ; Figs 11-13). The preservation of water-soluble phases in olivine-hosted melt inclusions in serpentinised samples suggests that these inclusions were isolated from the groundmass after their entrapment. Melt inclusions in monticellite, spinel and perovskite are interpreted to be primary as they are randomly distributed throughout their host grains and located away from fracture systems. The preservation of euhedral monticellite grains and atoll-shaped spinels suggests that these groundmass minerals crystallised in situ. Inclusions of Cr-spinel in olivine ( Fig. 4b and d ) indicate coeval crystallisation with olivine. Previous studies have shown olivine to be the earliest liquidus phase to crystallise in kimberlites along with chromite (Mitchell, 1986 (Mitchell, , 2008 Fedortchouk & Canil, 2004) . Multi-phase assemblages in primary melt inclusions in magmatic minerals are broadly similar to those in olivine (i.e. alkali-carbonate and chloride dominated; Fig. 14a-g ). Therefore, primary melt inclusions provide strong evidence that alkali-carbonates and chlorides were a significant and intrinsic part of the evolved kimberlite melt during groundmass crystallisation.
Was the Udachnaya-East kimberlite contaminated?
The UE kimberlite is unique as it contains an exotic alkali-chlorine-sulphur enriched groundmass mineralogy. This has motivated a group of authors to assert that the parental magma was no different to other kimberlites worldwide (i.e. H 2 O-rich, ultramafic), but was contaminated by crustal xenoliths (e.g. evaporites) and/or altered by post-emplacement sedimentary Na-Ca-Cl Table 2 and Supplementary Data Electronic Appendix 1 (see also Kamenetsky et al. 2012). brines (Kopylova et al., , 2016 Kostrovitskiy et al., 2013) . These authors have presented numerous accounts of the preservation of olivine, the low H 2 O contents and origin of high alkalis, chlorine and sulphur in unserpentinised UE kimberlite rocks. Although contamination in the crust may seem like an appealing explanation for the origin of alkali-chlorine-sulphur enrichment in the UE kimberlite, the data to support these contamination models are poorly substantiated and the interpretations contain numerous contradictions (i.e. inconsistencies between successive publications, see below). In addition, previous studies of the UE kimberlite by Kopylova et al. (2016) are not supported by accurate designation of different kimberlite units within the pipe and the results reported are largely inconsistent with our petrographic, geochemical and melt inclusion data.
In the following sections, we demonstrate the problems associated with multiple contamination models and ultimately validate the pristine nature of the unserpentinised UE kimberlite. We combine these data with reliable field documentation of structural and textural features of individual kimberlite units and strict depth and location constraints for each kimberlite unit. A summary of key ideas on the origin of low-H 2 O, alkalichlorine-sulphur enriched unserpentinised kimberlite by Kopylova et al. (2013 Kopylova et al. ( , 2016 and Kostrovitskiy et al. (2013) is presented in Fig. 15 .
Was crustal contamination involved?
The incorporation of country-rock xenoliths is central to the notion that magmatic assimilation caused the elevated Na, K, Cl and S contents of the UE kimberlite Kostrovitskiy et al., 2013) . A key argument for the non-magmatic origin of salts in the UE kimberlite, in particular large chloride 'nodules' ) is that they represent xenoliths that were entrained when the ascending magma intruded carbonate beds hosting 'karst cavities filled with epigenetic halite and gypsum and occasional sedimentary evaporites' (Kopylova et al., 2016; p. 116) . The resulting hybridised kimberlite melt is thought to have formed alkali-carbonates, sodalite and chlorides instead of serpentine Kostrovitskiy et al., 2013) . However, this magmatic assimilation model was later abandoned by Kopylova et al. (2016) . These authors instead proposed a mechanical model for the integration and dispersal of crustal xenoliths combined with infiltrating post-emplacement crustal brines (see below) as the most influential factors controlling the composition of the UE kimberlite. Nevertheless, the entrainment of crustal halite xenoliths is contradictory to what the authors previously reported as the UE kimberlite 'does not intersect massive evaporites' (p. 77 of Kostrovitskiy et al. (2013) ). Furthermore, there is no direct evidence for these so-called 'evaporite beds' that the UE kimberlite allegedly intruded through. Such evidence cannot be found in the reports of the open pit or underground mine, or from deep drilling (e.g. parametric and geotechnical drill holes KCC-1, 2, 3; see Figs 1 and 2 of Kamenetsky et al. (2014) ).
Origin of alkalis, chlorine and sulphur in melt inclusions
The entrapment of secondary melt inclusions in olivine in the UE kimberlite has been employed as a principal constraint to support the alkali-chlorine-sulphur enrichment of the parental kimberlite magma (Kamenetsky et al., 2004 (Kamenetsky et al., , 2009a (Kamenetsky et al., , 2012 . However, Kopylova et al. (2013) and Kostrovitskiy et al. (2013) advocated that these secondary inclusions in olivine resulted from explosive and thermal cracking of grains and subsequent entrapment of late residual melts and fluids that equilibrated with kimberlite melts in the subsurface. The enrichment of Na, K, Cl and S in these olivine-hosted melt inclusions was ascribed to the supposed crustal assimilation by the UE kimberlite magma Kostrovitskiy et al., 2013) . However, Kopylova et al. (2013; pp. 12) highlighted an inherent dilemma in the magmatic assimilation model, as 'this should not be appropriate for pyroclastic rocks, since the assimilation could only take place at some deeper level prior to degassing and explosive fragmentation. Only an in situ process that affected kimberlites after or during emplacement could be responsible for the correlation'. In a later study by the same authors, an alternative model was introduced for the mechanical incorporation of Na-Cl enrichment in olivine-hosted inclusions, where 'petrographic observations find such inclusions only in discrete grains in one type of PK (olivine-rich PK; Fig. 12 . Back-scattered electron SEM image and X-ray elemental maps of a secondary multiphase melt inclusion in olivine (Ol) from serpentinised AC. Detected minerals include: halite (Hal), perovskite (Pvk), calcite (Cc), sylvite (Syl), magnesian ulvö spinelmagnetite (MUM) and unidentified Na-K-S6Cl-bearing phases. The red/yellow line indicates the boundary of the inclusion. pyroclastic kimberlite), where explosive emplacement fractures olivine clasts and mixes them with salt-rich ash, which could plastically penetrate the cracks and deposit halite along the network of fractures. Halite inclusions do not occur in fractures connecting to the calcite matrix or in CK (coherent kimberlite) olivine'. (Kopylova et al., 2016; p. 132) .
Our study clearly demonstrates that alkali-chlorinesulphur enrichment is not restricted to olivine-hosted secondary inclusions from 'pyroclastic' kimberlite, but is present in both CK and VK UE units at wide range of depth intervals (400-520 m). In our view, the notion of 'explosive fracturing' of olivine inadequately explains the development of secondary melt inclusions in CK (i.e. veins and dykes), which did not experience explosive fragmentation. We propose that the development of secondary melt inclusions in olivine was the result of the rapid ascent and decompression of kimberlite magma causing fracturing (Brett et al., 2015) and rounding (or milling) of grains by mechanical abrasion (Reid et al., 1975; Arndt et al., 2010 ). Fractures in olivine were then penetrated by kimberlite melt (Brett et al., 2015) and later sealed during olivine crystallisation (Fedortchouk & Canil, 2004; Mitchell, 2008; Brett et al., 2009) , forming inclusion trails Fig. 16 ). In addition, primary melt inclusions in spinel, monticellite and perovskite were entrapped in situ during crystallisation of the host-mineral, demonstrating that the crystallising kimberlite melt was enriched (i.e. relative to serpentinised kimberlite) in alkalis, chlorine and sulphur.
Similar alkali-halogen-sulphur enrichment trends have been indicated by melt inclusions in olivine and groundmass minerals (e.g. spinel, perovskite, apatite) in previous studies of the UE kimberlite (Golovin et al., , 2017a Kamenetsky et al., 2004 Kamenetsky et al., , 2009a Kamenetsky et al., , 2012 Mernagh et al., 2011) and other localities worldwide (e.g. Gahcho Kué , Jericho; Aaron (Kamenetsky et al., 2009a; Mernagh et al., 2011) ; Leslie (Kamenetsky et al., 2009a; Abersteiner et al., 2017b) , Koala and Roger (Abersteiner et al., 2017c) pipes in Canada; Pipe 1 in Finland (Abersteiner et al., 2017b) ; Majuagaa dyke in West Greenland (Kamenetsky et al., 2009a; Mernagh et al., 2011) ; Wesselton pipe (Mernagh et al., 2011) , Bultfontein (Giuliani et al., 2017) and Venetia (Abersteiner et al., 2017a) kimberlites in South Africa. Previous experiments on olivine-hosted melt inclusions from Udachnaya-East and other kimberlites worldwide (e.g. Kamenetsky et al., 2004 Kamenetsky et al., , 2009 Kamenetsky et al., , 2013 Kamenetsky et al., , 2014 Golovin et al., 2018) showed that these inclusions typically homogenise at 660-760 C at 1 atm. Upon cooling the melt separates into carbonate and chloride immiscible components and crystallises completely at 200-160 C. The study of melt inclusions provides substantial evidence to show that alkali-chlorine-sulphur enrichment is an intrinsic feature of variably differentiated kimberlite melts, originating in the mantle. A crustal contamination model is unable to comprehensively explain the occurrence of this widespread alkali-chlorine-sulphur enrichment trend in other kimberlites that intruded diverse lithologies in different cratons.
Evidence against post-emplacement alteration by crustal brines
Another major argument against a magmatic origin for alkali-chlorine-sulphur enrichment in the groundmass of the UE kimberlite has been ascribed to interactions with crustal Na-Ca-Cl brines (Kopylova et al., , 2016 Kostrovitskiy et al., 2013) . In our view, the preservation of a water-soluble mineralogy in the presence of infiltrating fluids without olivine alteration renders such a contamination model paradoxical. The interaction between the SFUE kimberlite and crustal brines is thought to have impeded serpentinisation (Kostrovitskiy et al., 2013) where 'salts and alkali carbonate, rather than secondary serpentine, may have precipitated in breccia voids and replaced original groundmass minerals' p. 13) . Furthermore, Kopylova et al. (2016) considered that 'Na-rich brines dissolve calcite and replace it with fine needles of Na-Ca carbonates ' (p. 126) , and 'the serpentine of the PKs (pyroclastic kimberlites) matrix (<3%) may have been replaced with secondary Na-Ca carbonate ' (p. 132) . However, this is in stark contrast to our petrographic observations, which show that olivine maintains near perfect euhedral crystal shapes ( Fig. 4a  and b ) with sharp contacts with the groundmass and no textures that indicate secondary replacement by serpentine, calcite or alkali-carbonates.
It was proposed by Kopylova et al. (2013 Kopylova et al. ( , 2016 and Kostrovitskiy et al. (2013) that the Udachnaya-West (UW) and UE intersected different aquifers with different flow rates and compositions. The aquifer in contact with the UW pipe was considered to be Ca-Cl in composition and have a low flow rate, whereas the UE pipe intersected a different aquifer that was Na-Cl in composition and had a high hydraulic pressure (Kopylova et al., , 2016 . Nevertheless, crustal brines do not adequately explain why there is no similar $400-500 m brine-induced 'SFUE' in the UW kimberlite, which is adjacent to UE. Furthermore, these supposed brines represent present day aquifers and cannot take into account $360 Myr of hydrology in the host sedimentary succession, or shifting brine levels and erosion that has occurred since kimberlite emplacement.
One of the most remarkable features which is inconsistent with secondary alteration by crustal brines is the almost anhydrous (<0Á6 wt %) geochemical character of the unserpentinised UE kimberlite ( Fig. 8d and e ; Table 2 ). Kopylova et al. (2013) and Kostrovitskiy et al. (2013) ascribed the low H 2 O of unserpentinised UE kimberlite to high-salinity fluids which resulted from magmatic assimilation. This fluid was considered to have caused a reduction in serpentine stability and the subsequent removal of H 2 O from the melt. Alternatively, Kostrovitskiy et al. (2013) proposed that the absence of serpentine was due a uniquely H 2 O-poor primary UE melt, which was previously advocated by Kamenetsky et al. (2007a Kamenetsky et al. ( , 2009a Kamenetsky et al. ( , 2012 . In their sudden departure from magmatic assimilation of crustal evaporite xenoliths model, Kopylova et al. (2016) proposed that H 2 O and CO 2 were removed during explosive fragmentation of pyroclastic kimberlite, but remained in CK. This contradicts our results on the unserpentinised CK sample K24-04A (Fig. 3) , which is essentially anhydrous ( 0Á56 wt % H 2 O) and CO 2 -rich (up to 9Á85 wt %; Table 2 ). Furthermore, the majority of kimberlite samples analysed by Kopylova et al. (2016) were derived from 565-585 m from mine stockpiles. This is below the SFUE depth interval and where modern brines are thought to be present (Fig. 2) . Inexplicably, Kopylova et al. (2016) abandoned the term for the 400-500m 'SFUE' depth horizon predefined by their earlier studies Kostrovitskiy et al., 2013) . Not only in this study, the 'SFUE' is the only depth horizon where we observed H 2 O-poor and alkali-chlorinesulphur-enriched unserpentinised kimberlite. It is noteworthy that the majority (i.e. 24 out of 36) of analyses of SFUE kimberlite analysed by Kostrovitskiy et al. (2013) contain H 2 O ! 1 wt % (up to 5Á49 wt %). These geochemical data were not supported by any petrographic images to demonstrate the absence of serpentine in the groundmass and are inconsistent with our results, which show that as H 2 O-content increases (>0Á6 wt %), serpentine starts to appear in the groundmass and increases in abundance with increasing H 2 O-content.
We consider that unserpentinised water-soluble alkali-chlorine-sulphur-rich groundmass phases could only be preserved if the emplaced kimberlite rocks were unaffected by hydrous alteration. In this study, partially serpentinised samples were derived from 400-420m, which coincides with the roof of the SFUE, and 480-520 m, which coincides with depths at which modern brines occur ($510 m). In contrast, unserpentinised samples were derived from 440-500 m, which is above this brine horizon ( Fig. 2 ; also see fig. 2 of Kitayama et al. (2017) and fig. 8 of Alexeev et al. (2007) ) and within the SFUE defined by Kopylova et al. (2013) and Kostrovitskiy et al. (2013) . Incipient serpentinisation corresponds with the complete absence of water-soluble minerals (e.g. The abundance (%) represents the average proportion of each phase hosted within each mineral. chlorides, S-bearing alkali-carbonates) in the groundmass, which is reflected by significantly lower concentrations of Na 2 O, K 2 O, Cl and S (Table 2 ) than in unserpentinised samples. Chlorine is retained in the groundmass to some extent during serpentinisation where it is fixed in hydrothermal iowaite. In addition, sulphur isotope and bulk S analyses have shown that groundmass sulphates and sulphides in the unserpentinised 'salty' UE kimberlite do not conform with an external brine or assimilation of countryrock origin and are instead consistent with late-stage magmatic crystallisation Kitayama et al., 2017) . It is well-established that 37 Cl/ 35 Cl ratios in crustal rocks differ only slightly from those in mantle-derived rocks and meteorites (Sharp et al., 2007) , whereas sulphur isotope ratios differ significantly. Sulphur isotopes were studied in: (i) VK and CK unserpentinised kimberlite units; (ii) salt-bearing sediment samples; (iii) brine containing sulphates from a depth of 750 m in a drill hole 1 km south of Udachnaya; and (iv) hydrothermal sulphides and sulphates from Udachnaya pipe. Kitayama et al. (2017) concluded that, 'salty kimberlites from Udachnaya-East were not contaminated by brine infiltration, hydrothermal alteration or the assimilation of known salt-rich country rocks ' (p. 328) . Similarly, combined Sr-, Nd-and Pb-isotopic data support a magmatic (i.e. mantle-derived) origin for chlorides and alkali-carbonates from unserpentinised kimberlite rocks (Maas et al., 2005; Kamenetsky et al., 2009a; . Perhaps the most substantial evidence against crustal brine contamination in the UE kimberlite is from melt inclusions. Primary and secondary inclusions from both unserpentinised and serpentinised samples clearly demonstrate that the kimberlite melt was already enriched in alkalis, chlorine and sulphur prior to magma solidification and post-emplacement alteration.
Preservation of the unserpentinised UdachnayaEast kimberlite horizon
The preservation of the unserpentinised kimberlite horizon at Udachnaya-East may have one or several explanations:
(i) Unserpentinised kimberlite units are located in the central part of the pipe and thus are relatively isolated from external groundwater (Fig. 2) . Furthermore, the unserpentinised kimberlite horizon is located above and below two modern aquifers (Fig. 2) .
(ii) Chlorides are characterised by high thermal conductivity and plastic behaviour which can be selfsealing should fractures develop (Roxburgh, 1987) . Chlorides in the UE kimberlite may have formed a protective ductile seal in the kimberlite, which prevented the ingress of water (Kamenetsky et al., 2012 ). An example of the protective nature of chlorides is in the use of evaporites/rock salt used as disposal sites for high level nuclear waste in Germany (Roxburgh, 1987; Kim et al., 1996; Kim & Grambow, 1999) . In the case of Udachnaya-East, it is likely that once this chloride seal is completely breached by groundwater, the kimberlite is prone to alteration (Kamenetsky et al., 2012) .
Post-emplacement alteration: implications for kimberlites worldwide
The strong degree of petrographic, geochemical and melt inclusion similarity between unserpentinised and serpentinised UE kimberlite suggests that both varieties crystallised from the same magma, but were subject to different post-emplacement processes. Based on our observations of the UE kimberlite, we interpret the unserpentinised samples to represent pristine, unaltered kimberlite. In contrast, partially serpentinised samples were altered by infiltrating post-magmatic external fluids dissolving groundmass alkali-carbonates, chlorides and sulphates and instead forming secondary calcite, serpentine and iowaite. Evidence for an initially chlorine-bearing groundmass of the serpentinised kimberlite is signified by: (i) the preservation of Cl-bearing djerfisherite, which is a relatively stable mineral during post-magmatic alteration (Sharygin et al., 2011) , and (ii) secondary iowaite, which resulted from the release of Mg-Fe cations during olivine dissolution Evans et al., 2013) combining with dissolved chlorine (Kopylova et al., 2016) , which in our view was derived from the groundmass halite and sylvite.
The instability and rapid degradation of alkalicarbonates and chlorides in the UE unserpentinised kimberlite units could be analogous to the freshly erupted Oldoinyo Lengai (Tanzania) natrocarbonatite lavas, where significant mineralogical and compositional changes can occur within days to months upon exposure to the atmosphere (Dawson et al., 1987; Dawson, 1993; Zaitsev & Keller, 2006) . Alkalis are rapidly leached from the carbonatitic rocks during alteration and consequently the only evidence of the initially alkali-rich groundmass mineralogy is preserved in melt inclusions. In the case of the Kerimasi (Tanzania; Zaitsev, 2010; Guzmics et al., 2011) , Tinderet (Kenya; Zaitsev et al., 2013) and Oka (Canada; Chen et al., 2013) calciocarbonatite complexes, Na 2 O and K 2 O are significantly depleted in bulk-rock compositions but are highly enriched in crystal and melt inclusions hosted by groundmass phases (e.g. magnetite, apatite). The resolution to this paradox is that the emplaced carbonatite rocks crystallised from an initially alkali-rich (or natrocarbonatite) magma, but were subjected to extensive weathering and/or metasomatism (Zaitsev, 2010; Guzmics et al., 2011; Chen et al., 2013; Zaitsev et al., 2013) . A similar trend of alkali, halogen and sulphur enrichment is recorded by melt inclusions in olivine and groundmass minerals in our samples, as well as in other studies of the UE kimberlite and other localities worldwide (see above). By analogy with the alteration processes of natrocarbonatites, we consider that it is likely that alkalis, chlorine and sulphur were significantly leached from the kimberlites during syn-and/or postemplacement alteration.
Although Oldoinyo Lengai natrocarbonatite lavas and the reconstructed melt inclusion compositions from kimberlites are inferred to be analogous, kimberlites and carbonatites generally experience different styles of eruption. In many cases, kimberlite volcanoes have highly dynamic eruptions (e.g. Skinner & Marsh, 2004; Sparks et al., 2006) with explosive flows through conduits, but may also erupt weakly and form lava flows (Brown et al., 2012) . In contrast, the Oldoinyo Lengai natrocarbonatite lavas erupt effusively (Keller & Krafft, 1990; Kervyn et al., 2008) . In our view, the presence of entrained mantle silicates (e.g. olivine, orthopyroxene) in kimberlites is fundamental to CO 2 degassing and ultimately to their rapid ascent, where assimilation of silicates and decompression can cause a catastrophic reduction in carbon dioxide solubility (Brooker et al., 2011; Russell et al., 2012; Kamenetsky & Yaxley, 2015; Moussallam et al., 2016) in the melt, or olivine may react with the carbonate component of the melt upon emplacement to liberate CO 2 (Abersteiner et al., 2017b) . The absence of mantle silicates in Oldoinyo Lengai means that such volatile degassing or decarbonation reaction scenarios are unlikely.
Abundant alkali-chlorine-bearing multiphase inclusions hosted in groundmass calcite are primary in both serpentinised and unserpentinised samples (Fig. 14h) . Groundmass calcite is generally considered to be primary magmatic (Dawson, 1980; Mitchell, 1986; Armstrong et al., 2004; Wilson et al., 2007; Giuliani et al., 2014) , but has also been ascribed to external postmagmatic fluids (Exley & Jones, 1983; Podvysotskiy, 1985; Armstrong et al., 2004; Giuliani et al., 2014 Giuliani et al., , 2017 . The remarkable compositional similarity of inclusions in magmatic groundmass calcite to melt inclusions hosted in olivine, monticellite, spinel and perovskite suggests that these calcite-hosted inclusions represent relics of the late-stage differentiated kimberlite melt that evolved towards incompatible element enriched, carbonatitic compositions, from which Si and Al were removed due to fractional crystallisation (i.e. olivine, spinel, phlogopite formation).
CONCLUSIONS
Although the composition and origin of the protokimberlite melt is beyond the scope of this study, we consider alkali-chlorine-sulphur enrichment (i.e. relative to serpentinised kimberlite) in melt inclusions to be a function of kimberlite melt evolution. Progressive crystallisation of silicate phases (e.g. olivine) during groundmass crystallisation removed SiO 2 and MgO from the melt, resulting in a melt shift towards carbonatitic compositions that concentrated alkalis, chlorine and sulphur. This differentiation process ultimately crystallised alkali-carbonates, chlorides, sulphates and sulphides in the UE kimberlite groundmass. The initial H 2 O-contents of the parental UE kimberlite magma is ultimately dependent on whether serpentine is interpreted to be a late-magmatic (i.e. crystallises from deuteric fluids) phase or secondary product resulting from alteration. In our view, these water-soluble alkali-and chlorinebearing phases could only be preserved if the parental magma was H 2 O-poor. This implies that serpentine and iowaite in the Udachnaya-East kimberlite were formed as a secondary product (i.e. post-magmatic) due to infiltrating external fluids.
Based on the composition of the unserpentinised UE kimberlite groundmass and melt inclusions reported here, we suggest that the unserpentinised UE kimberlite is pristine and crystallised from an H 2 O-poor, Si-Na-KCl-S-bearing, carbonate-rich melt, which could be analogous to the modern natrocarbonatite lavas observed at Oldoinyo Lengai. These results support the notion that parental proto-kimberlite melt for the Udachnaya-East was essentially anhydrous, SiO 2 -poor and was dominated by carbonates and enriched in lithophile trace elements, alkalis (Na, K), halogens (Cl) and sulphur.
